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Abstract
The objective of this work was to develop an in vitro system that would extend the usefulness of the macaque as a model
for studying trophoblast invasion and spiral artery modification. We sought to determine whether trophoblast cells isolated
from early gestation macaque placentas expressed vitronectin receptors and tested the idea that these receptors play a role in
trophoblast migration and adhesion. Cytotrophoblast cells were isolated from 40^100 day macaque placentas, cultured, and
characterized by immunofluorescence microscopy and flow cytometry. The cells expressed KV, L3, and L1 integrins on their
surfaces. Immunohistochemical analysis of early gestation placentas and decidua basalis confirmed that intravascular
trophoblast cells express KVL3/L5. Using migration chambers we found that the trophoblast cells migrated towards
vitronectin but not towards bovine serum albumin. This specific migration was blocked by preincubating the trophoblast
cells with anti-vitronectin receptor (KVL3/L5) antibodies. In other experiments, macaque trophoblast cells adhered to
myometrial endothelial cells in a time-dependent manner and adhesion was significantly blocked by antibodies against KVL3/
L5 integrin. The results suggest that vitronectin receptors expressed by macaque trophoblast cells play a role in the migratory
activity of these cells and may also be important in mediating attachment to endothelium. ß 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Placental development in higher primates is asso-
ciated with invasion of the endometrium and pene-
tration of the uterine vasculature by trophoblast
cells. On reaching the lumina of uterine blood ves-
sels, trophoblast cells adhere to the endothelium and
migrate along it against the £ow of blood [1^6].
These intra-vascular cytotrophoblast cells eventually
migrate between arterial endothelial cells and lodge
in the subendothelial extracellular matrix [3,7,8]. Ex-
tensive regions of endothelium and smooth muscle
cells of the arterial wall are displaced as a conse-
quence of colonization and ECM production by
trophoblast cells [6^9]. This remodeling process is
important in ensuring an adequate blood supply to
the developing fetal-placental unit. Inadequate inva-
sion of the spiral arteries is a characteristic of preg-
nancies complicated by hypertension and fetal
growth retardation and has been implicated as a
cause of miscarriages [10^19].
The precise mechanism whereby trophoblast cells
attach to and migrate along endothelium is un-
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known. Some clues as to the adhesion molecules in-
volved in migration within uterine stroma and ute-
rine vessels have been obtained from morphological
studies of human and macaque tissues. Neural cell
adhesion molecule (NCAM or CD56) as well as in-
tegrins and cadherins are expressed by intra-arterial
trophoblast cells in humans and macaques and may
play roles in the adhesion of trophoblast to the en-
dothelium [20^23]. Intra-arterial trophoblast cells
from the macaque and the human also express plate-
let-endothelial cell adhesion molecule (PECAM-1
or CD31)[23,24]. Fisher et al. have shown that integ-
rin switching occurs during trophoblast invasion in
the human [25]. These workers reported that invasive
trophoblast cells from ¢rst and second trimester hu-
man placentas expressed the vitronectin receptor
(KVL3) and that this integrin played a role in the
migration of trophoblast cells through Matrigel in
vitro [23]. Recently, we demonstrated that human
trophoblast cells adhere to endothelial cells in vitro
and that attachment is partially mediated by an KV
integrin [26]. Vitronectin receptors (KV integrins)
bind to a variety of substrates including von Wille-
brand factor, vitronectin, ¢bronectin, ¢brinogen, os-
teopontin, and thrombospondin. As well as forming
dimers with the L3 subunit, the KV integrin subunit
can also form dimers with L5, L6, and L1 subunits
[27^30].
In order to systematically address issues related to
the invasion of the uterus by trophoblast, it is desir-
able to supplement observations in the human with
data from an appropriate animal model. This is be-
cause by the time human material is generally avail-
able (8^12 weeks), the described vascular changes are
already well advanced [31]. In the human, it can also
be di⁄cult to obtain gestational age-matched tissue.
Taking advantage of numerous similarities in placen-
tation between macaque monkeys and humans we
have previously used the macaque as a model system
with which to study the morphological aspects of
trophoblast invasion [7,8,20,32,33].
In the present paper we describe experiments that
extend the usefulness of this animal model by provid-
ing a system that can be employed to study the more
dynamic aspects of trophoblast invasion in vitro. The
experiments were designed to test the idea that cyto-
trophoblast cells could be isolated from early to mid
gestation macaque placentas and that these cells ex-
press functional vitronectin receptors. Our results
show that isolated macaque trophoblast cells do in-
deed express KVL3. Furthermore, we show that the
cells speci¢cally migrate towards vitronectin and that
they adhere to endothelial cells in a vitronectin re-
ceptor-dependent manner.
2. Materials and methods
2.1. Materials
The PKH26 £uorescent cell linker kit and sodium
azide were obtained from Sigma Chemical Co., St.
Louis, MO. Adhesion blocking antibodies were ob-
tained as follows: rabbit polyclonal anti-human
KVL3/L5 (#12119012) was from Gibco-BRL, Grand
Island, NY, monoclonal antibodies against L1 integ-
rin (mAb13), L3 integrin (clone RUU-PL 7F12) were
from Becton-Dickinson, San Jose, CA. Antibodies
for immunocytochemistry and FACS analysis were
obtained as follows: monoclonal antibodies against
L1 integrin (clone P4G11), L3 integrin (clone 25E1
1), KV integrin (mAb1980), and KVL3/L5 (mAb1976)
were purchased from Chemicon, Temecula, CA. The
anti-cytokeratin 18 (clone CK5) and anti-vimentin
antibodies were obtained from ICN (Costa Mesa,
CA).
2.2. Cytotrophoblast isolation
We have previously described in detail a procedure
used to isolate cytotrophoblast cells from term
(165 day) macaque placentas [34]. The same proce-
dure was used in the present case to isolate cells from
40^100 day placental villous tissue. Cell yields were
about 3U106 cells/g tissue (20^30U106 cells per pla-
centa). When the cells were cultured for 24 h on
LabTek slides and then stained, at least 98% were
positive for cytokeratin and negative for HLA-
ABC/DR and factor VIII, consistent with tropho-
blast. The remaining cells were vimentin- and
HLA-positive. In some cases, the cells were subjected
to an additional puri¢cation step using immunomag-
netic microspheres coated with anti-HLA antibodies
[35]. As we reported for human trophoblast cells [35],
this step removes contaminating HLA-positive cells
leaving pure (i.e., 100% cytokeratin-positive, HLA-
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ABC/DR-negative, vimentin-negative) cytotropho-
blast cells. In the experiments reported here, similar
results were obtained using 98% pure trophoblast
cells or magnetic bead-puri¢ed cells.
2.3. Endothelial cells
Human uterine myometrial microvascular endo-
thelial cells (UtMVEC) were obtained from Clonetics
Corporation, San Diego, CA, and maintained in En-
dothelial Growth Medium (EGM-2-MV; also from
Clonetics Corporation) containing 10% FCS. Cells
were plated at 5000^7500/cm2 and achieved con£u-
ency as assessed by phase-contrast microscopy after
3^4 days.
Adhesion experiments with endothelial cells were
performed using 96 well cluster dishes.
2.4. Migration experiments
These experiments were performed using Falcon
migration chamber inserts (0.3 cm2 ; 0.8 Wm pore
size). The lower surfaces of the ¢lter inserts were
coated with vitronectin by incubation in a solution
containing vitronectin (100 Wg/ml) for 24 h. This cre-
ates a solid-phase vitronectin gradient [36,37]. Other
inserts were coated with fetal bovine serum or re-
ceived no coating. Into each insert was added
200 000 trophoblast cells (in serum-free medium con-
taining 5 mg/ml BSA). The inserts were then placed
into a plastic cluster dish containing serum-free me-
dium and BSA (5 mg/ml). The cells were incubated
at 37‡C in air/CO2 for 2, 4, 6, and 24 h. At each time
point, the cells on the upper surface of the insert
were removed by swiping with a cotton-tipped appli-
cator. Cells that appeared on the lower surface of the
insert (i.e., migrated cells) were revealed by incubat-
ing the inserts in Wright’s stain and viewing under a
phase-contrast microscope. Seven ¢elds were counted
per insert using a 40U objective. At later time points,
cells were also found in the medium from the lower
chamber. These cells were cytokeratin-positive, and
were included when calculating the extent of cell mi-
gration.
2.5. Trophoblast-endothelial cell adhesion assay
For this assay cytotrophoblast cells were labeled
with the £uorescent probe, PKH26 [38,39] (Sigma
Chemical Co., St. Louis, MO) which permitted ad-
hesion to be monitored using a £uorescence plate
reader. This reagent has previously been shown to
label a variety of cells and the cell-bound probe
has been shown to be stable. Macaque trophoblast
cells were labeled with the probe exactly as we de-
scribed previously for human trophoblast cells [26].
The labeled cells were resuspended in phenol red-free
EBM (Endothelial Basal Medium; Clonetics Corpo-
ration, San Diego, CA) containing 10% FCS. The
viability of the cells was not compromised by this
labeling protocol as indicated by trypan blue exclu-
sion.
The suspension of PKH26-labeled trophoblast
cells was then added (100 000 cells/well) to con£uent
endothelial cell cultures in 96 well cluster dishes.
Cells were incubated together for various times as
indicated in the ¢gures. At the end of the experiment,
the culture supernatants were aspirated and the wells
washed three times with phosphate-bu¡ered saline
(prewarmed to 37‡C). After the ¢nal wash, 100 Wl
EGM (containing no phenol red) was added to
each well and the dish was placed in a CytoFluor
2300 £uorescence plate reader (Millipore Corpora-
tion, Marlborough, MA) and read using the 530/25
nm excitation and 590/35 nm emission ¢lters. Results
are expressed as adhesion which was derived from
the £uorescence value of the attached cells and the
£uorescence value of the total cells added.
2.6. Antibody blocking experiments
For antibody blocking experiments, £uorescently
labeled cytotrophoblast cells (see above) were prein-
cubated with the selected antibody for 20 min at
37‡C and then washed. The cytotrophoblast cells
were then added to the con£uent endothelial cell
cultures for 2 h at 37‡C. Antibody concentrations
used were based on information in the literature or
from information provided by the supplier. Where
no information was available, titrations were per-
formed using antibody concentrations up to 75 Wg/
ml. A blocking e¡ect was not considered negative
until antibody concentrations up to 75 Wg/ml had
been tested. For each blocking antibody used, appro-
priate matched immunoglobulin controls were also
included. After the incubation, adhesion was meas-
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ured as described above. Other details are provided
in the ¢gure legends.
2.7. Scanning electron microscopy
For scanning electron microscopy, endothelial cells
were plated onto glass coverslips and cultured until
almost con£uent (2^3 days). Trophoblast cells were
then added at a plating density of 300 000 cells/cm2.
After 2 h, the cocultures were rinsed once and ¢xed
in 3% glutaraldehyde in 0.1 M cacodylate bu¡er, pH
7.3, for 1.5 h. The ¢xative was prewarmed to 37‡C
before use. This reduces but does not eliminate en-
dothelial cell retraction. Fixation in cold aldehyde, or
¢xation using methanol, caused signi¢cant retraction
of the endothelial cells. After ¢xation the cells were
stored at 4‡C in bu¡er until ¢nal processing. The
latter was accomplished by dehydration of the cells
in a graded series of acetones and then critical point
dried out of liquid CO2. Cells were coated with a
thin layer of gold-palladium prior to viewing in a
Philips 501 scanning electron microscope.
2.8. Immunocytochemistry and £ow cytometry
Cells were cultured in 8 chamber LabTek slides for
24 h, ¢xed in 1% paraformaldehyde and stained with
antibodies against KVL3/L5, KV, L3, L1, and L5 in-
tegrin subunits as described previously [26]. The
stained cells were examined using a Leitz Diaplan
epi£uorescence microscope. For £ow cytometry, cells
were cultured for 24 h, detached by trypsinization
and incubated with primary antibodies at 4‡C for
30 min. After washing, the cells were incubated
with FITC-labeled goat anti-mouse immunoglobulin
at 4‡C for 30 min and ¢xed in 1% paraformaldehyde.
The cell suspension was then analyzed using a Bec-
ton Dickinson FACScan. Controls consisted of cells
incubated with the appropriate matched mouse or
rabbit immunoglobulin.
2.9. Immunohistochemistry
Placentas and attached decidua basalis were ob-
tained from three animals on day 26 of pregnancy.
Representative blocks of tissue were immersed in cry-
oprotectant (O.C.T. Compound, Miles Diagnostics),
rapidly frozen in liquid nitrogen, and stored at
370‡C. Sections (6 Wm thick) were prepared with a
cryostat, mounted on poly-L-lysine-coated slides, and
air-dried at room temperature prior to immunostain-
ing.
Standard immunoperoxidase staining techniques
were used to identify the distribution of KVL3/L5
on frozen sections. Prior to immunostaining,
sections were ¢xed in cold (320‡C) acetone for
10 min and air-dried. Each step in staining was suc-
ceeded by thorough rinsing in phosphate-bu¡ered
saline. Following incubation in 10% normal goat se-
rum, primary antibody (Chemicon, #1976) was ap-
plied for 2 h at RT at a concentration of 10 Wg/ml.
Biotinylated goat anti-mouse secondary antibody
and streptavidin-peroxidase conjugate were pur-
chased from Zymed Laboratories, San Francisco,
CA. Diaminobenzidine was used as the chromogen.
Negative controls consisted of substituting a matched
irrelevant antibody in place of the primary anti-
body.
2.10. Treatment of results
Experiments were repeated at least three times.
Within an experiment measurements were made at
least in triplicate. Statistical analyses were performed
using Student’s t-test (InStat software, GraphPad
Inc., San Diego, CA).
3. Results
3.1. Intra-arterial macaque trophoblast cells express
KVL3/L5 integrin
Cryosections of early gestation placentas and at-
tached decidua basalis were stained using anti-KVL3/
L5 integrin followed by peroxidase-labeled goat anti-
mouse immunoglobulin. Intra-arterial cytotropho-
blast cells were identi¢ed in the decidua basalis of
each of the animals sampled [24]. These cells were
immunoreactive for KVL3/L5 integrin (Fig. 1), as
were endothelial cells located in the endometrium.
No immunoreactivity was seen when an isotype-
matched irrelevant primary antibody was substituted
for the KVL3/L5 antibody (not shown).
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3.2. Immunocytochemical analysis of isolated
trophoblast cells
Early gestation cytotrophoblast cells were cultured
on LabTek slides for 24 h, ¢xed in paraformalde-
hyde, and then stained using antibodies against
KVL3/L5 integrin or L3integrin subunit. From the
£uorescence micrograph in Fig. 2A, it can be seen
that cells stained with the anti-vitronectin receptor
antibody showed punctate £uorescence that was ab-
sent from cells incubated with matched control rab-
bit immunoglobulin (Fig. 2B). Cells stained with the
anti-L3 antibody (Fig. 2C) showed a di¡use £uores-
cence that was not present in the control cells incu-
bated with mouse immunoglobulin (Fig. 2D). For
the second study, cells were cultured for 24 h, de-
tached from the slide using gentle trypsinization,
live-stained at 4‡C with antibodies against KV, L3,
and L1 and then analyzed by £ow cytometry. The
results in Fig. 3 con¢rm that the cells express KV,
L3, and L1 integrins.
3.3. Trophoblast migration
The experiments described above show that troph-
oblast cells express cell surface adhesion molecules
but do not address the issue of whether the receptors
are functional. The next two studies were designed to
test the idea that the trophoblast vitronectin receptor
plays a role in two important functions of invasive
trophoblast cells, namely migration towards an ex-
tracellular matrix and adhesion to endothelium.
To determine whether trophoblast cells showed
speci¢c migratory behavior, the cells were placed in
migration chamber inserts whose lower surfaces had
been precoated with vitronectin, serum, or BSA.
After 2 h incubation, trophoblast cells were found
Fig. 1. Immunohistochemical identi¢cation of KVL3/L5 in early
gestation macaque intravascular trophoblast cells. Cryosections
(6 Wm thick) were prepared from representative blocks of pla-
centas and attached decidua basalis and immunostained using
an antibody against KVL3/L5 followed by a peroxidase-labeled
second antibody as described in Section 2. Magni¢cation U160.
Fig. 2. Immunocytochemical analysis of adhesion molecule expression by primary cultures of early gestation macaque trophoblast
cells. Cells were cultured on LabTek slides for 24 h and then stained using antibodies against (A) KVL3/L5 integrin, (B) L3 integrin,
(C) control rabbit immunoglobulin, or (D) control mouse immunoglobulin, as described in Section 2. Magni¢cation U310.
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on the lower surface of the ¢lters that were coated
with vitronectin (Fig. 4). The number of migrated
cells increased during the ¢rst 6 h and then began
to level o¡. For cells cultured in wells containing
serum, the rate of migration at 6 h was about 60%
of that for the vitronectin-coated inserts. However,
after 24 h, the extent of migration was similar for
both groups. The extent of trophoblast migration
across inserts placed in BSA-containing medium
was 90% lower than migration towards vitronectin
at 24 h. Migration across vitronectin-coated inserts
was signi¢cantly inhibited (P6 0.0005) by the inclu-
sion of anti-vitronectin receptor antibodies in the
culture medium (Fig. 5). An antibody against L1 in-
tegrin reduced migration by about 25%. This reduc-
tion was statistically signi¢cant (P6 0.05).
3.4. Trophoblast adhesion to endothelial cells
In order to demonstrate that vitronectin receptors
expressed by macaque trophoblast cells can function
in attachment to endothelium, we studied the adhe-
sion of £uorescence-labeled trophoblast cells to ute-
rine endothelial cells. Because macaque uterine endo-
thelial cells were not available to us, we chose to use
commercially available human myometrial endothe-
lial microvascular cells. Trophoblast cells were la-
beled with the £uorescent probe, PKH26, and then
added to adherent, con£uent uterine endothelial cell
monolayers. The cocultures were incubated at 37‡C
and adherence was measured at di¡erent times. It
can be seen from Fig. 6 that adhesion increased dur-
ing the ¢rst hour of coculture and then began to level
Fig. 3. Flow cytometric analysis of adhesion molecule expression by early gestation trophoblast cells. Trophoblasts were stained using
the indicated antibodies and processed for indirect FACS analysis as described in Section 2. The solid pro¢les show cells stained with
antibodies against KV (A), L3 (B), or L1 (C). The open pro¢les show cells incubated with matched control immunoglobulins. The x-
axis shows the log £uorescence intensity in arbitrary units and the y-axis shows the relative cell number. This experiment was per-
formed three times with similar results and representative examples are shown.
Fig. 4. Migration of trophoblast cells. Trophoblast cells were
plated into migration chamber inserts whose lower surfaces had
been precoated with vitronectin, serum or BSA (see Section 2).
The number of cells migrating to the lower surface of the insert
was measured at di¡erent times as described in Section 2. Re-
sults are means þ S.D. from three experiments.
Fig. 5. E¡ect of anti-adhesion molecule antibodies on tropho-
blast migration. Trophoblast cells were allowed to migrate to-
wards vitronectin for 24 h in the presence of the indicated anti-
bodies. Migration was measured as described in Section 2 and
results are means þ S.D. from three experiments. The asterisk
indicates P6 0.05.
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o¡. At 2 h, about 16% of the added trophoblast cells
had adhered to the endothelial cells. Essentially iden-
tical results were obtained using human umbilical
vein endothelial cells (not shown). Examination of
cocultures by scanning electron microscopy revealed
ovoid or spherical trophoblast cells adherent to the
free surface of the squamous endothelial cells (Fig.
7).
When trophoblast cells were preincubated with
anti-vitronectin receptor antibodies, subsequent ad-
hesion to endothelial cells was signi¢cantly reduced
by 60% (Fig. 8). Anti-L1 antibodies reduced adhesion
by 15% while antibodies against E-selectin had no
signi¢cant e¡ect.
4. Discussion
In order to begin to investigate the more dynamic
aspects of trophoblast invasion, it is necessary to
have an in vitro system that closely models the in
vivo situation. We sought to obtain evidence that
isolated trophoblast cells obtained from early gesta-
tion macaque placentas would provide such a model.
We chose to work with the macaque because of the
many similarities in structure and function between
the macaque and human placenta and because of the
ease of obtaining early gestation tissue from timed
pregnancies. Furthermore, we wished to extend our
previous immunohistochemical studies which have
provided considerable information about trophoblast
invasion and remodeling of uterine spiral arteries in
this species [7^9,20,32,33]. The results presented here
show that trophoblast cells isolated from 40^100 day
macaque placentas express KVL3 integrin. Previous
immunohistochemical studies in the human [23] and
Fig. 6. Time course of trophoblast adhesion to endothelial cells.
Trophoblast cells were labeled with PKH26 and added to con-
£uent cultures of myometrial endothelial cells. The incubation
was continued at 37‡C and adhesion was measured at the indi-
cated time points as described in Section 2. Results are
means þ S.D. from four experiments.
Fig. 7. Scanning electron micrograph of trophoblast-HUVEC
coculture. Cytotrophoblast cells were added to endothelial cell
cultures and incubated for 3 h after which they were processed
for scanning electron microscopy as described in Section 2.
Spherical cytotrophoblast cells are seen adherent to the surface
of the £attened endothelial cells. Magni¢cation U640.
Fig. 8. E¡ect of anti-adhesion molecule antibodies on tropho-
blast adhesion to endothelial cells. PKH26-labeled trophoblast
cells were preincubated with the indicated antibody for 20 min
at 37‡C. The cells were then washed and added to con£uent en-
dothelial cell cultures. For each antibody used, a parallel group
of cells received the appropriate matched control immunoglobu-
lin. Adhesion was measured after 2 h as described in Section 2.
Results are expressed as a percent of the appropriate control
and represent means þ S.D. from 4^6 experiments. The asterisks
indicate values that were signi¢cantly di¡erent (P6 0.05) from
control values.
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the immunohistochemical study presented here using
macaque tissues indicate that the expression of this
adhesion molecule is characteristic of intra-vascular
trophoblast. Our results also demonstrate for the
¢rst time that isolated macaque trophoblast cells
can speci¢cally migrate towards vitronectin and
that they adhere to uterine endothelial cells in a vi-
tronectin receptor-dependent manner.
The analysis of macaque placentation sites by im-
munohistochemistry shows that intra-arterial troph-
oblast express KVL3/L5. Extravillous trophoblast
cells in the placental cytotrophoblastic shell were
also positive (results not shown) but villous tropho-
blast cells were negative. These ¢ndings are similar to
data reported by Zhou et al. [23] for the human and
further extend the similarities between the two spe-
cies. These workers showed that trophoblast cells
isolated from ¢rst trimester human placentas could
migrate through Matrigel-coated ¢lters. In the
present paper we have shown that macaque tropho-
blast cells migrate towards vitronectin or serum but
not towards BSA. This speci¢c migratory activity
was dependent on the expression of KV integrins
since an anti-VNR antibody blocked migration. Mi-
gration towards serum is likely due to the presence of
vitronectin and/or ¢bronectin. Examination of the
isolated (non-permeabilized) trophoblast cells by
£ow cytometry and immuno£uorescence microscopy
con¢rmed that these cells express KV, L1 and L3
integrins on their surfaces. Since one of the antibod-
ies used only reacts with intact KVL3/L5 dimer, we
conclude that the cells express KVL3/L5. The possi-
bility that they also express KVL1 cannot be ruled
out at present. The vitronectin receptor has been
implicated in metastatic tumor progression and also
plays a role in the migratory activity of endothelial
cells [40^43]. In the present study we showed that
trophoblast cells display a haptotactic response to
vitronectin. This has physiological relevance since in-
vasive cells encounter solid-phase (i.e., substrate-
bound) forms of extracellular matrix components as
they migrate through stromal tissue and blood ves-
sels. In addition to vitronectin, other potential li-
gands for KVL3 include ¢bronectin, ¢brinogen,
thrombospondin, osteopontin and von Willebrand
factor. Thus, KVL3 expressed by extravillous troph-
oblast may interact with these ligands in the uterine
extracellular matrix and help facilitate invasion. Vi-
tronectin, ¢bronectin, laminin and collagen have
been localized to the matrix surrounding invading
trophoblast cells in both the human and the macaque
[44^47].
In addition to cell-matrix interaction, it is now
becoming clear that the vitronectin receptor plays a
direct role in cell-cell interactions. Studies have
shown that tumor cell adhesion to endothelium is
mediated by the vitronectin receptor [48^50]. Attach-
ment of trophoblast cells to the luminal surface of
endothelial cells is thought to be an important step in
the remodeling of the uterine vasculature [3,7]. In
order to test the idea that the trophoblast vitronectin
receptor plays a role in adhesion to endothelium,
experiments were carried out using human myome-
trial endothelial cells and a panel of speci¢c adhe-
sion-blocking antibodies. The results indicate that
macaque trophoblast cells adhere to uterine endothe-
lial cells and that adhesion is partially mediated by
the trophoblast vitronectin receptor. We recently re-
ported that term human trophoblast cells adhere to
endothelial cells and that an KV integrin was in-
volved [26]. However, in these studies the identity
of the KV integrin dimer was not clear. No L3 or
L5 integrin was found although the cells did express
L1 integrin. In the present study it is clear that early
gestation macaque trophoblast cells express surface
KVL3/L5. However, as mentioned earlier, the addi-
tional existence of KVL1 dimers cannot be ruled out
at this stage. To our knowledge this is the ¢rst evi-
dence of a role for trophoblast KVL3 in adhesion to
endothelium. While the uterine endothelial cells used
in this study were of human origin, we feel that this
does not negate the results that were obtained. Our
objective was simply to demonstrate that vitronectin
receptors expressed by trophoblast could facilitate
cell-cell adhesion. Further studies will be required
in order to identify the counter-ligand/receptor on
the endothelial cells. The expression of vitronectin
receptors by endovascular trophoblast cells also sug-
gests that soluble vitronectin (or another potential
ligand) could serve as a common ligand allowing
trophoblast cells to adhere to one another so forming
a plug.
In summary, the results presented here con¢rm
that trophoblast cells isolated from early gestation
macaque placentas express adhesion molecules
known to be expressed by extravillous and/or intra-
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vascular trophoblast cells in both the human and the
macaque. The isolated cells exhibit speci¢c migratory
activity and adhere to myometrial endothelial cells.
Together, the data indicate that these cells will pro-
vide a useful in vitro model with which to investigate
the regulation of adhesion molecule expression and
mechanisms of trophoblast invasion.
Acknowledgements
Tissue was made available to us through the co-
operation of the veterinary and animal care sta¡ at
the California Primate Research Center, University
of California, Davis, CA. We wish to thank Dr. Al-
len Enders for assistance with the scanning electron
microscopy and Carol Oxford for assistance with the
FACS analysis. The work was supported by NIH
Grants HD 24491 and HD11658.
References
[1] M. Knoth, J.F. Larsen, Ultrastructure of human implanta-
tion site, Acta Obstet. Gynecol. Scand. 51 (1972) 385^393.
[2] J. FalckLarsen, Human implantation, clinical aspects, Prog.
Reprod. Biol. 7 (1980) 284^296.
[3] A.C. Enders, B.F. King, Early stages of trophoblastic inva-
sion of the maternal vascular system during implantation in
the macaque baboon, Am. J. Anat. 92 (1991) 329^346.
[4] A.C. Enders, Transition from lacunar to villous stage of
implantation in the macaque, including establishment of
the trophoblastic shell, Acta Anat. 152 (1995) 151^169.
[5] A.C. Enders, K.C. Lantz, S. Schlafke, Preference of invasive
cytotrophoblast for maternal vessels in early implantation in
the macaque, Acta Anat. 55 (1996) 145^162.
[6] A.C. Enders, T.N. Blankenship, in: Embryo Implantation:
Molecular, Cellular, and Clinical Aspects (in press).
[7] T.N. Blankenship, A.C. Enders, B.F. King, Trophoblastic
invasion and the development of uteroplacental arteries in
the macaque immunohistochemical localization of cytokera-
tins, desmin, type IV collagen, laminin, and ¢bronectin, Cell
Tissue Res. 272 (1993) 227^236.
[8] A.C. Enders, T.N. Blankenship, Modi¢cation of endometrial
arteries during invasion by cytotrophoblast cells in the preg-
nant macaque, Acta Anat. 159 (1997) 169^193.
[9] T.N. Blankenship, A.C. Enders, Trophoblast cell-mediated
modi¢cations to uterine spiral arteries during early gestation
in the macaque, Acta Anat. 158 (1997) 227^236.
[10] I.A. Brosens, Morphological changes in the utero-placental
bed in pregnancy hypertension, Clin. Obstet. Gynecol. 4
(1977) 573^593.
[11] W.B. Robertson, B. Warner, The ultrastructure of the hu-
man placental bed, J. Pathol. 112 (1974) 203^211.
[12] W.B. Robertson, I.A. Brosens, H.G. Dixon, in: F.A. Van
Assche, W.B. Robertson (Eds.), Fetal Growth Retardation,
Churchill-Livingstone, London, 1981, pp. 126^138.
[13] W.B. Robertson, I.A. Brosens, W.N. Landells, Ab-
normal placentation, Obstet. Gynecol. Annu. 14 (1985)
411^426.
[14] B.L. Sheppard, J. Bonnar, An ultrastructural study of ute-
roplacental spiral arteries in hypertensive and normotensive
pregnancy and fetal growth retardation, Br. J. Obstet. Gy-
naecol. 88 (1981) 695^705.
[15] B.L. Sheppard, J. Bonnar, The maternal blood supply to the
placenta in pregnancy complicated by intrauterine fetal
growth retardation, Troph. Res. 3 (1988) 69^81.
[16] G. Gerretsen, H.J. Huisjes, J.D. Elema, Morphological
changes of the spiral arteries in the placental bed in relation
to preeclampsia and fetal growth retardation, Br. J. Obstet.
Gynaecol. 88 (1981) 876^881.
[17] T.Y. Khong, F. DeWolf, W.B. Robertson, I. Brosens, Inad-
equate maternal vascular response to placentation in preg-
nancies complicated by pre-eclampsia and by small-for-ges-
tational age infants, Br. J. Obstet. Gynaecol. 93 (1986) 1049^
1059.
[18] W.B. Robertson, T.Y. Khong, in: F. Sharp, E.M. Symonds
(Eds.), Hypertension in Pregnancy, Perinatology Press, Itha-
ca, NY, 1987, pp. 101^113.
[19] T.Y. Khong, H.S. Liddell, W.B. Robertson, Defective hae-
mochorial placentation as a cause of miscarriage a prelimi-
nary study, Br. J. Obstet. Gynaecol. 94 (1987) 649^655.
[20] T.N. Blankenship, B.F. King, Macaque intra-arterial troph-
oblast and extravillous trophoblast of the cell columns and
cytotrophoblastic shell express neural cell adhesion molecule
(NCAM), Anat. Rec. 245 (1996) 525^531.
[21] T.D. Burrows, A. King, Y.W. Loke, Expression of adhesion
molecules by endovascular trophoblast and decidual endo-
thelial cells : implications for vascular invasion during im-
plantation, Placenta 15 (1994) 21^33.
[22] Y. Zhou, C.H. Damsky, K. Chiu, J.M. Roberts, S.J. Fisher,
Preeclampsia is associated with abnormal expression of ad-
hesion molecules by invasive cytotrophoblasts, J. Clin. In-
vest. 91 (1993) 950^960.
[23] Y. Zhou, S.J. Fisher, M. Janatpour, O. Genbacev, E. Deja-
na, M. Wheelock, C.H. Damsky, Human cytotrophoblasts
adopt a vascular phenotype as they di¡erentiate. A strategy
for successful endovascular invasion?, J. Clin. Invest. 99
(1997) 2139^2151.
[24] T.N. Blankenship, A.C. Enders, Expression of platelet-endo-
thelial cell adhesion molecule-1 (PECAM) by macaque
trophoblast cells during invasion of the spiral arteries,
Anat. Rec. 247 (1997) 413^419.
[25] C.H. Damsky, C. Libranch, K.-H. Lim, M.L. Fitzgerald,
M.T. McMaster, M. Janatpour, Y. Zhou, S.K. Logan, S.J.
Fisher, Integrin switching regulates normal trophoblast in-
vasion, Development 120 (1994) 3657^3666.
[26] T.L. Thirkill, G.C. Douglas, The vitronectin receptor plays a
BBAMCR 14535 4-10-99
G.C. Douglas et al. / Biochimica et Biophysica Acta 1452 (1999) 36^4544
role in the adhesion of human cytotrophoblast cells to endo-
thelial cells, Endothelium 64 (1999) 277^290.
[27] J.W. Smith, D.J. Vestal, S.V. Irwin, T.A. Burke, D.A. Cher-
esh, Puri¢cation and functional characterization of integrin
KvL5. An adhesion receptor for vitronectin, J. Biol. Chem.
65 (1990) 11008^11013.
[28] S.C. Bodary, J.W. McLean, The integrin beta 1 subunit as-
sociates with the vitronectin receptor alpha v subunit to
form a novel vitronectin receptor in a human embryonic
kidney cell line, J. Biol. Chem. 265 (1990) 5938^5941.
[29] B.E. Vogel, G. Tarone, F.G. Giancotti, J. Gailit, E. Ruo-
slahti, A novel ¢bronectin receptor with an unexpected sub-
unit composition (alpha v beta 1), J. Biol. Chem. 265 (1990)
5934^5937.
[30] A. Weinacker, A. Chen, M. Agrez, R.I. Cone, S. Nishimura,
E. Wayner, R. Pytela, D. Sheppard, Role of the integrin
KvL6 in cell attachment to ¢bronectin, J. Biol. Chem. 269
(1994) 6940^6948.
[31] R. Pijnenborg, W.B. Robertson, I. Brosens, Trophoblast in-
vasion of human decidua from 8 to 18 weeks of pregnancy,
Placenta 1 (1980) 303^316.
[32] T.N. Blankenship, A.C. Enders, B.F. King, Trophoblastic
invasion and modi¢cation of uterine veins during placental
development in macaques, Cell Tissue Res. 274 (1993) 135^
144.
[33] B.F. King, T.N. Blankenship, in: M.J. Soares, S. Handwerg-
er, F. Talamantes (Eds.), Trophoblast Cells : Pathways for
Maternal-Embryonic Communication, Springer-Verlag, New
York, 1993, pp. 13^30.
[34] G.C. Douglas, B.F. King, Isolation and morphologic di¡er-
entiation in vitro of villous cytotrophoblast cells from Rhe-
sus monkey placenta, In Vitro Cell. Dev. Biol. 26 (1990)
754^758.
[35] G.C. Douglas, B.F. King, Isolation of pure villous cyto-
trophoblast from term human placenta using immunomag-
netic microspheres, J. Immunol. Methods 119 (1989) 259^
268.
[36] S. Aznavoorian, M.L. Stracke, J. Parsons, J. McClanahan,
L.A. Liotta, Integrin KvL3 mediates chemotactic and hapto-
tactic motility in human melanoma cells through di¡erent
signaling pathways, J. Biol. Chem. 271 (1996) 3247^3254.
[37] J.A. Carnegie, In£uence of extracellular matrix gradients on
the haptotactic migration of f9 embryocarcinoma-derived
primitive and parietal endoderm-like cells, Biol. Reprod. 50
(1994) 413^420.
[38] K.H. Singer, Interactions between epithelial cells and T lym-
phocytes role of adhesion molecules, J. Leukocyte Biol. 48
(1990) 367^374.
[39] P.K. Horan, S.E. Slezak, Stable cell membrane labelling,
Nature 340 (1989) 167^168.
[40] S.M. Albelda, Role of integrins and other cell adhesion mol-
ecules in tumor progression and metastasis, Lab. Invest. 68
(1993) 4^17.
[41] J.B. McCarthy, L.T. Furcht, Laminin and ¢bronectin pro-
mote the haptotactic migration of B16 mouse melanoma
cells in vitro, J. Cell Biol. 98 (1984) 1474^1480.
[42] D.A. Cheresh, J.W. Smith, H.M. Cooper, V. Quaranta, A
novel vitronectin receptor integrin (KvLx) is responsible for
distinct adhesive properties of carcinoma cells, Cell 57 (1989)
59^69.
[43] C.M. Davis, S.C. Danehower, A. Laurenza, J.L. Molony,
Identi¢cation of a role of the vitronectin receptor and pro-
tein kinase C in the induction of endothelial cell vascular
formation, J. Cell. Biochem. 51 (1993) 206^218.
[44] B. Huppertz, S. Kertschanska, A.Y. Demir, H.G. Frank, P.
Kaufmann, Immunohistochemistry of matrix metallopro-
teinases (MMP), their substrates, and their inhibitors
(TIMP) during trophoblast invasion in the human placenta,
Cell Tissue Res. 291 (1998) 133^148.
[45] B. Huppertz, H.-G. Frank, H.C.P. Kingdom, F. Reister, P.
Kaufmann, Villous cytotrophblast regulation of the syncytial
apaptotic cascade in the human placenta, Histochem. Cell
Biol. 110 (1998) 495^508.
[46] T.N. Blankenship, A.C. Enders, B.F. King, Distribution of
laminin, type IV collagen, and ¢bronectin in the cell columns
and trophoblastic shell of early macaque placentas, Cell Tis-
sue Res. 870 (1992) 241^248.
[47] T.N. Blankenship, B.F. King, Developmental changes in the
cell columns and trophoblastic shell of the macaque placenta
an immunohistochemical study localizing type IV collagen,
laminin, ¢bronectin and cytokeratins, Cell Tissue Res. 274
(1993) 457^466.
[48] R.M. Lafrenie, T.J. Podor, M.R. Buchanan, F.W. Orr, In-
terleukin-1K induced vitronectin receptor expression and tu-
mor cell endothelial cell adhesion, FASEB J. 4 (1990) A1134.
[49] S.G. Shaughnessy, R.M. Lafrenie, M.R. Buchanan, T.J. Po-
dor, F.W. Orr, Endothelial cell damage by Walker carcino-
sarcoma cells is dependent on vitronectin receptor-mediated
tumor cell adhesion, Am. J. Pathol. 138 (1991) 1535^1543.
[50] R. Dardik, Y. Kaufmann, N. Savion, N. Rosenberg, B.
Shenkman, D. Varon, Platelets mediate tumor cell adhesion
to the subendothelium under £ow conditions: involvement
of platelet GPIIb-IIIa and tumor cell alpha(v) integrins, Int.
J. Cancer 70 (1997) 201^207.
BBAMCR 14535 4-10-99
G.C. Douglas et al. / Biochimica et Biophysica Acta 1452 (1999) 36^45 45
